H

é% PHYSICS LETTERS B

ELSEVIER Physics Letters B 528 (2002) 221-227

www.elsevier.com/locate/npe

First observation of excited structures in neutron-defictétg:
evidence for multiple shape coexistence

F.G. Kondew®, M.P. Carpentet, R.V.F. JansserisC.J. Listef, K. Abu Saleen,
|. Ahmad?, H. Amro2¢, J. Caggiand, C.N. Davids, A. Heinz?, B. Herskind,
T.L. Khoo?, T. Lauritsert, W.C. Ma®, J.J. Resslér, W. Reviol"9, L.L. Riedinge#,
D.G. Sarantite§ D. Seweryniak, S. Sient", A.A. Sonzognt!, P.G. Varmetté,
I. Wiedenhovef?

a Physics Division, Argonne National Laboratory, Argonne, |L 60439, USA
b Technology Development Division, Argonne National Laboratory, Argonne, IL 60439, USA
C Department of Physics, Mississippi State University, Starkville, MS 39762, USA
d The Niels Bohr Institute, DK-2100, Copenhagen, Denmark
€ Department of Chemistry, University of Maryland, College Park, MD 20742, USA

f Department of Chemistry, Washington University, . Louis, MO 63130, USA
9 Department of Physics and Astronomy, University of Tennessee, Knoxville, TN 37996, USA

h Department of Physics, University of Oslo, N-0316 Oslo, Norway
Received 5 November 2001; received in revised form 11 January 2002; accepted 21 January 2002
Editor: V. Metag

Abstract

Excited structures in the neutron-deficient nucIéZ@Hg have been established for the first time using the Gammasphere
spectrometer in conjunction with the fragment mass analyzer. Competing states originatinghrieerdifferent minima
associated with nearly spherical, oblate, and prolate deformations were found. This result can be contrasted with the situation
in heavier odd-mass Hg isotopes where only two minima (oblate and prolate) have been seen. The implications of these three
shapes at low spin and excitation energy are discussed in the general context of shape coexistence in this masad@gion.
Elsevier Science B.V. All rights reserved.
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The observation of excitations associated with dif-
ferent shapes in a single nucleus is a phenomenon
1 o commonly referred to as shape coexistence, and nu-
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closure, the deformed shapes have been associated’?Hg (N = 99). In contrast to the heavier odd-mass
with particle-hole excitations inthg,2, f7,2 andiiz/» Hg isotopes, competing states originating frtimee
low-£2 (prolate) and high (oblate) proton intruder  different minima were observed. They are associated
orbitals [1,2]. Furthermore, calculations by Bengtsson with a nearly spherical, a weakly-deformed oblate, and
and Nazarewicz [3], and Nazarewicz [4], as well as a well-deformed prolate shape. It is worth noting that
systematic studies of mid-shelN(~ 104) nuclei by this is the lightest odd-mass Hg isotope where excited
Dracoulis [5] have stressed the importance of more structures have been identified.
complicated multi-particle—hole excitations in the for- Excited states int"°Hg were populated with the
mation of the deformed minima. 907r(99zr, n) reaction using 369 and 380 MeV beams
Neutron-deficient, even—even Hg & 80) isotopes delivered by the ATLAS superconducting linear ac-
exhibit a coexistence at low spin between two shapes: celerator at Argonne National Laboratory. The tar-
a weakly deformedblate ground state and a more get consisted of a self-supporting; 500 ug/cm?
deformed, excitedprolate band. The energy differ-  thick foil enriched up to 97.65% irf°Zr. Due to
ence between the two minima exhibits a parabolic the large negativgd value 1573 MeV [20]) for
trend as a function of neutron number and minimizes this reaction, the compound nucleus was formed at
around mid-shell with a magnitude of 260 keV [6]. the relatively low excitation energies &* = 23.5
Starting around mid-shell, the ground state deforma- and 29.0 MeV (assuming production in the middle
tion decreases steadily with decreasing neutron num- of the target), thus, minimizing competition from fis-
ber and a near spherical shape is reached’fig sion and charged particle evaporation. In order to ac-
(N = 96) [7]. In contrast, the ground states of the commodate beam intensities as high as S pithe
odd-mass181:183.18p1g (v = 101, 103 105) isotopes  targets were mounted on a rotating wheel, and the
are associated with a prolate shape. This was first de-beam was wobbled:2.5 mm vertically across the
termined from the measured changes in the nucleartarget by a magnetic steerer. Promptrays were
mean square charge radii and magnetic moments [8,9].measured with the Gammasphere array [22], con-
Additional compelling evidence of shape coexistence sisting, for these experiments, of 101 large volume
comes from the discovery of rotational bands built on escape-suppressed Ge detectors. Evaporation residues
the ground states in these nuclei [10-12]. In addition, recoiled out of the target into the Argonne Frag-
a weakly-deformedpblate high-spin (7 = 13/2%) ment Mass Analyzer (FMA) where they were dis-
isomer has been identified in each of the three odd- persed at the focal plane according to their mass-to-
mass Hg isotopes, albeit the excitation energies havecharge (1/4) ratio [21]. A 7 ug/cn? thick carbon
not been established. The mechanism responsible forfoil was located~ 8 cm behind the target to reset
this preferred prolate shape at low spin in the odd- the charge state distribution of the recoils. A position-
mass isotopes is still not understood, and several ex-sensitive parallel grid avalanche counter (PGAC), lo-
planations have been proposed [13,14]. Interestingly, cated at the focal plane, provided th€/q informa-
the185Pb (W = 104) and'"Au (N = 96) nuclei have  tion as well as time of arrival and energy-loss sig-
recently been observed to forthree minima at low nals of the evaporation residues. The recoiling nu-
spin, associated with near-spherical, oblate, and pro- clei were subsequently implanted into a4@0 strips
late shapes [15,16]. (40 mmx 40 mm,~ 60 um thick), double-sided sil-
Based on the experimental results available at icon strip detector (DSSD) located 40 cm behind the
present, it is hard to predict which type of structures PGAC. The DSSD was used not only to detect the im-
will be observed in the neutron-deficient oddHg plantation of a residue, but also to measure its subse
isotopes V < 100). In particular, it is of interest to  quenta decay(s). By utilizing this experimental setup,
map out the evolution of the single-particle states the Recoil Decay Tagging (RDT) technique[23] could
for both the prolate and oblate shapes in the lightest be used to provide unambiguous nuclide identifica-
odd-A isotopes and to compare these with trends tion to in-beamy rays. During the experiment, a total
observed in the even—even Hg neighbors [7,17-19]. of 5.8 x 10’ events were written to tape either when
This Letter reports on the first observation of excited two or more Gammasphere detectors fired in coinci-
structures in the neutron-deficient, odd-mass nucleus dence with the PGAC, or when a recoil (implant event)
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or charged-particle (decay event) was detected in the (175Pt) [24,25] and grand-daughteY’'{Os) [26] nu-

DSSD.
To isolate thé-"*Hg residues and the corresponding
prompty rays from the dominant background origi-

nating from scattered beam, fission products, and de-

clei, the ground state of’°Hg is firmly assigned
JT = 7/2~. Specifically, following the prescription
by Preston [27], the measured hindrance factor for
the 6286(4) keVa transition was determined to

excitations in neighboring isotopes, coincidence gates be 1.31(7), using a radius paramete(’’°Pt) of

were placed in the off-line analysis on (i) the time of
flight of the evaporation residues from the target to
the focal plane, (ii) the PGAC positions correspond-
ing to three charge stateg £ 31, 32 and 33) of ions
with the appropriateA = 179 mass focus, and (iii)
the two-dimensional histogram of the energy of re-
coils measured in the DSSD vs. the time of flight from
the PGAC to the DSSD. The data were then sorted
in prompt y—y coincidence matrices gated in sev-
eral ways on the information from the PGAC and the
DSSD as detailed, for example, in Ref. [19]. In gen-
eral, the most stringent coincidence relationships in-
volved a correlation with mass 179 and the character-
istic 1"%Hg a-decay line ofE, = 62885) keV [25].
The spectrum showing the rays correlated with this

a line is presented in Fig. 1(a). Most of the rays
placed in thel”®Hg level scheme (Fig. 2) were es-
tablished from such data. Levels with spins as high
as(49/2)h have been observed even though the bom-
barding energy was only slightly above the Coulomb

1.556(3) fm deduced as an average from data on
the neighboring even—evér*Pt (Vv = 96) and'’%Pt

(N = 98) nuclei [28]. This small value argues for a

[ = 0 decay and establishes th&Hg ground state

to have the samg”™ = 7/2~ quantum numbers as
those of the corresponding state in tH&Pt daugh-

ter. In contrast, the heavier isotop&$183.18fg have

a 1/2~ ground state spin and parity [10-12]. Three
collective bands have been placed in the level scheme
shown in Fig. 2. They are associated with a well de-
formed prolate deformation due to similarities with
neighboring odd¥ nuclei. Band 1 consists of two ro-
tational cascades connected at low spinsthy =1
transitions and is observed up to (23). The 152~

and 172~ in-band levels decay via the 331.5 and
392.1 keV stretched quadrupole transitions to interme-
diate levels. A second rotational band, band 2 in Fig. 2,
consisting of a single cascade of stretched quadrupole
transitions is observed up to (45°). Based on simi-
larities with the heaviet®1:183.18pig isotopes [10-12],

barrier. For the weakest transitions, coincidence eventsand with the isotoné’’Pt [29], the lowest in-band

gated only on mass 179 were also used. This ap-

level is assigned (7). Two transitions, with ener-

proach takes advantage of the higher statistics of thesegies of 215.8 and 400.4 keV, appear to be associ-

data, while relying on the power of the high-fold
y-ray coincidence relationships to provide unambigu-

ated with the depopulation of the band to th&7
ground state, but their exact placement could not be

ous placements. Sample coincidence spectra for theestablished. Band 3 consists of two rotational cascades
three main sequences seen in the experiment are prelinked by AJ = 1 transitions. The spins and parity

sented in Figs. 1(b)—(d). Information on the multipo-
larity of the transitions was obtained from mass- and
a-gated angular distribution data. For the wealker
rays, I, (34°)/1,(90°) anisotropy ratios were used in-
stead (see Ref. [19] for details). A two-dimensional
histogram with the energies of the first generation

decays on one axis and the difference between the im-

plantation andx-decay times on the other was also
constructed. Ther energy,E, = 62864) keV, and
half-life, 71> = 1.00(5) s, measured here are in good
agreement with previously reported values [25].
Based on the deduced-decay reduced widths,

which are sensitive to changes in the angular mo-
menta between initial and final states, and on the
known experimental information about the daughter

of the in-band levels follow from the measured an-
gular correlations and from the assumption that the
band decays into a (¥3%) isomeric state originating
from theoblate i13/2 configuration as assigned in the
heavier oddA Hg isotopes [10-12]. The band trans-
fers most of its intensity to the oblate isomeric state
from the (172%) and (152%) in-band levels, rather
than from the lower spin members, via the 479.9 keV
E2 (A2/Ag = 0.23(7), As/Ag = —0.01(9)) and the
378.1 keV MYE2 (A2/Ap = —0.20(11)) transitions
presumably due to the interaction between the prolate
and oblate (132"), and possibly the (1/2+), states.
With regards to the proposed long-lived state, it must
have a significany-ray decay branch since therays
that precede the isomer were found to be correlated
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Fig. 1. (a) Spectrum of’ rays in coincidence with th&’®Hg a-line of E, = 62864) keV. (b)—(d) Sample, background-subtractedray
coincidence spectra from the recgily matrix. The gating transitions are indicated. The contamipaays correspond to identified transitions
in 179

in ~"“Au.

with thea decay of the ground state. From the present  The interpretation of the level structure in terms of
work, the excitation energy of the isomer remains un- the associated configurations and shapes is based on
known as no linking transitions to the/Z~ ground (i) measured properties such as spin, parity, branching
state were found, presumably because of the long life-

time of the forme? — _ _
confirms the presence of thigs/, isomer and places this state at

an excitation energy of 170 keV with a half-life of~ 5 ps. Thus,
- the structure of this isomer is analogous to that of the isomers seen
3 A recent, dedicated delayed coincidence measurement of the in the heavier oddd Hg isotopes where, as stated above, the oblate
properties of ther decay ofl83Pb into17®Hg by Jenkins et al. [30] shape is established firmly from the measured isotope shifts [9].
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Fig. 2. Proposec}79Hg level scheme. For each transition the width of the arrow is proportional to the measuagdintensity. Tentative

placements are indicated by dashed lines. Tentative spin-parity assignments are given in parenthesis. The relative excitation energies of band:

2 and 3 with respect to band 1 are unknown (see text for details).

ratios and alignments, (ii) considerations about which
neutron orbitals lie nearest to the Fermi surface, and
(i) similarities with structures observed in neighbor-
ing odd-mass Hg and Pt nuclei. Due to the strong pres-
ence of E2 cascades connecting the ground state with
band 1, one might be inclined to associate thg~7
state with the rotational structure. However, the se- =
quence develops its regular rotational character only ~
above the 152~ level. Thus, the ground state is most
likely not a member of band 1. This property is strik-
ingly evident in the alignment plot shown in Fig. 3
where a sharp gain in alignment and a reduction in fre-
quency can be seen at low spin. In addition, the decay
out of the 1¥2~ state is somewhat fragmented giving
further evidence that the configuration of the ground
state is different from that of band 1.

An assignment of a well deformed prolate config-
uration to the ground state éf°Hg is not easily ex-

g O®band1 A ]
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Fig. 3. Aligned angular momentd, as a function of rotational

- e . _ frequenciesiw, for the bands observed %Hg. In all cases a
plained by considering the orbitals nearest to the Fermi common reference was subtracted with the Harris parameters of
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5/27[512] (f7/2), 7/271633] (i13/2) and Y27[521]
(p3/2) orbitals, and none of these provides the correct
spin and parity for the band head. Another possibil-

ity is to assign the ground state to a configuration as-

sociated with a weakly deformed oblate shape. How-
ever, the orbitals closest to the Fermi surfacefdpr-
—0.15 (13/27[606] (i13/2) and /2 [541] (hg,2)) are
also incompatible with the /2~ assignment. Two
likely candidates for the ground-state configuration are
the 7/27[514] and 72~ [503] orbitals arising from the
f7/2 andhg,> shells, respectively. These orbitals come
close to the Fermi level only for very small prolate de-
formations 82 < 0.15). Such a nearly spherical shape
has been invoked to account for the low-spin proper-
ties in the yrast bands éf*1%Pt [31-33] and for the
ground state of’5Pt [34]. It is also the most probable
assignment for the ground state’dfHg. With this in
mind, it is likely that the 92~ level that decays by
the 121.0 keVy ray, and the 112~ level, which de-

F.G. Kondev et al. / Physics Letters B 528 (2002) 221227

topes and in the isoton& Pt [29], band 2 is as-
signed the 127[521] (p3/2) configuration. As men-
tioned previously, band 3 is assumed to feed the
13/2* isomer, and it is given the/27[633] (mixed
i13/2) assignment. This band exhibits signature split-
ting as expected foi1z/» excitations built on a pro-
late shape with moderate deformatiggz & 0.25). In
addition, the measuredxg= —0.05(1) value com-
pares well with the expectation 6£0.06, deduced
when the alignment of the strongly Coriolis mixed
i13/2 orbital is taken into account in accordance with
Ref. [35]. Further support for the configuration as-
signments proposed above comes from the alignment
properties shown in Fig. 3. For example, the upbend
observed for bands 1 and 2 &b ~ 0.24 MeV re-
sults from an alignment of a pair @3> quasineu-
trons. In band 3, the first band crossing does not occur
until iw ~ 0.37 MeV. This observation finds a nat-
ural explanation if the13/> orbital is involved in the

cays to the ground state via a 476.0 keV transition, are configuration of band 3, but not in the configuration

members of a weakly deformed band associated with of bands 1 and 2. It is worth re-emphasizing that the
the ground state. It also appears that the ground-statesatisfactory picture that emerges, e.g., an interpreta-
configuration mixes with other single-particle states as tion of the bands as collective prolate structures re-

indicated by the fragmented decay of the/21 state
to two other non-yrast/ 2~ states.
The three rotational bands observed to high spin

are interpreted as prolate-deformed based on similari-

ties to neighboring od&v nuclei, and the configura-
tion assignments are rather straightforward. Band 1
is associated with the/27[512] configuration, and
is nearly identical to the rotational sequence built on
the same orbital in the isoton¥,’Pt [29]. A gk fac-

tor of —0.36(3) extracted from the measured branch-
ing ratios, assumin@o = 7.0 eb and g = 0.3, com-
pares well with the value of g= —0.4 predicted for
the 527[512] neutron orbital using a Woods—Saxon
potential [36] with deformation parametess = 0.24
and g4 = 0.021. The sign of the g values has been

quires the deformations to be quite large ¢ 0.25).
Specifically, the properties of the bands (alignments,
gk -factors, etc.) cannot be satisfactorily explained if
the ground state deformatio{ < 0.15) is assumed
to be associated with these bands.

Total Routhian Surface (TRS) calculations based
on a Woods—Saxon potential (see, for example, [37])
were examined to ascertain the predicted deforma-
tions for the lowest lying one-quasiparticle prolate
deformed states (see Table 1). Earlier particle-rotor
model calculations predicted the deformation of the
1/2-[521] band in1"’Pt to be approximately 20%
larger than that associated with th¢25[512] or-
bital [29]. Similar calculations fot"®Hg yield quadru-
pole deformations oB, = 0.265 and 0.243 which are

unambiguously determined from the measured nega-in agreement with the predictions of the TRS calcu-

tive angular distribution coefficients of the strongest
AJ =1 in-band transitions at 187.9 ke\A{/Ag =
—0.36(9)) and 204.4 keV A2/ Ag = —0.45(7)). The
observation of a single rotational sequence without a
signature partner is usually associated with a low-
(£2 = 1/2) configuration, and this is the case for

band 2. Taking into account the orbitals expected near

the Fermi surface, as well as similarities with struc-
tures reported in the heavitt!183.18pg [10-12] iso-

Table 1
Equilibrium deformations for prolate structures]iFPHg extracted
from the TRS calculations @&iw = 50 keV

Configuration B2 Ba y (deg)
1/27[521] 0.260 0.023 —21
5/27[512] 0.240 0.021 -14
7/2%[633] 0.256 0.022 —46
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lations (B2 = 0.260 and 0.240) for these two orbitals.
The similarity in deformation of the negative-parity,
prolate structures iA’’Pt and’®Hg implies that the
addition of two extra protons does not change signifi-
cantly the deformation driving properties of these con-
figurations.

In summary, we have identified for the first time ex-
cited structures in the neutron-deficient nucl&{sig.
Along with three prolate deformed bands, structures

associated with an oblate and a near spherical shape

are also observed. While the observation of a third
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